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Abstract 
Ripening period refers to a phase of stabilization in sand filters in water treatment 
systems that follows a new installation or cleaning of the filter.  Intermittent wetting 
and drying, a unique property of stormwater biofilters, would similarly be subjected to 
a phase of stabilization.  Suspended solids, is an important parameter that is often 
used to monitor the stabilization of sand filters in water treatment systems. 
Stormwater biofilters however, contain organic material that is added to the filter 
layer to enhance nitrate removal, the dynamics of which is seldom analysed in 
stabilization of stormwater biofilters.  Therefore, in this study of stormwater 
biofiltration in addition to suspended solids (Turbidity), organic matter (TOC, DOC, 
TN and TKN) was also monitored as a parameter for stabilization of the stormwater 
biofilter.  One Perspex bioretention column (94 mm internal diameter) was fabricated 
with filter layer that contained 8% organic material and fed with tapwater with 
different antecedent dry days (0 – 40 day) at 100 mL/min.  Samples were collected 
from the outflow at different time intervals between 2 – 150 minutes and were tested 
for Total Organic Carbon, Dissolved Organic Carbon, Total Nitrogen, Total Kjeldhal 
Nitrogen and Turbidity. The column was observed to experience two phases of 
stabilization, one at the beginning of each event that lasted for 30 minutes while the 
other phase was observed across subsequent events that related to the age of filter.  
Key Words: Stabilization, Stormwater biofilters, Antecedent Dry Days, Organic 
Matter, Turbidity, Age of Filter.  
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Abbreviations 
ADD – Antecedent Dry Days 
EN – Event Number 
min2, min7, min12, min20, min30, min60, min90, min120, min150 – concentration of 
pollutant in the outflow at 2, 7, 12, 20, 30, 60, 90, 120 and 150 minutes from the 
beginning of outflow 
Cpollutant – Concentration of pollutant 
TOC – Total Organic Carbon 
DOC – Dissolved Organic Carbon 
TN – Total Nitrogen 
TKN – Total Kjeldhal Nitrogen 
TU – Turbidity 
ZTOC, ZTN, ZTU – Z-scores of TOC, TN and TU, respectively 
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1.0 Introduction 
Stormwater biofilters are a structural element of Water Sensitive Urban Design 
(WSUD) that manage quantity and quality of stormwater runoff in urban 
environments.  They are designed to remove suspended solids, heavy metals and 
nutrients; common stormwater pollutants that adversely impact aquatic environments 
in receiving waters (Bratieres et al., 2008a; Davis et al., 2006; Davis et al., 2003; 
Hatt et al., 2009; Li and Davis, 2009).  Analysis of removal efficiency of pollutants in 
both laboratory-scale and field-scale installations have been studied in the past 
(Blecken et al., 2008; Blecken et al., 2009a; Bratieres et al., 2008b; Coustumer et al., 
2009; Davis, 2007; Davis et al., 2001; Davis et al., 2006; Davis et al., 2003; Hsieh et 
al., 2007a; Hsieh et al., 2007b).  
The removal of most organic pollutants including carbon, nitrogen and phosphorus 
that are in dissolved or particulate form, is influenced by a diversity of 
microorganisms.  The growth and most importantly the composition of microbial 
communities in stormwater biofilters are affected by several factors including 
temperature, pH, moisture content, dissolved oxygen, and the ratio of C:N:P.  In 
addition, concentration of substrates, soil moisture content, history of fluctuations in 
soil moisture content and intensity and longevity of starvation can significantly impact 
survival and composition of microbial communities in stormwater biofilters (Firer and 
Schimel, 2002; Fransluebbers et al., 1994; Groffman and Tiedje, 1988; Mikha et al., 
2005; Van Gestel et al., 1993).  This in turn can affect the efficiency of stormwater 
pollutant removal processes.  The inflow pattern (sporadic wetting and drying in 
bioretention systems) and the concentration of pollutants (concentration of substrate 
for microorganisms) in the inflow of stormwater biofilters are significantly different 
from the inflow to water or wastewater treatment filter systems.  The kinetics of 
pollutant removal in stormwater biofilters is therefore, distinctively different from that 
of removal of pollutants in water and wastewater treatment sand filters.  
A treatment event in a stormwater biofilter consists of two phases: a wet-phase (the 
phase during the rainfall) and a dry-phase (the phase in a stormwater biofilter 
between two rainfall events).  Stormwater biofilters facilitate different types of 
pollutant removal processes during the two phases and during the transition period 
between phases (the rapid change from dry to wet phase occurring at the wetting 
front).  The different types of processes occurring at different phases during an event 
can impact overall pollutant removal in bioretention systems (Mikha et al., 2005).  
Most studies of bioretention systems however, have been undertaken under 
extended or continuous feeding of the experimental columns while monitoring the 
event-mean average of pollutant concentrations in the outflow (Bratieres et al., 
2008b; Davis, 2007; Davis et al., 2006).  Some studies that have subjected the 
system to intermittent wetting and drying periods, have focussed on pollutant 
removal during the wetting phase rather than during the drying phase of an event by 
comparing the inflow and outflow quality pertaining to the same event (Blecken et al., 
2009a, b).  
The event mean concentrations of pollutants including heavy metals and certain 
nutrients have often been observed to be lower than that in the inflow. Where the 
concentration of pollutants has been higher in the outflow, the authors also observed 
a decrease in the total mass of pollutants in the outflow owing to the fact that a 
significant amount of inflow is retained in the filter itself at the end of each event 
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(Bratieres et al., 2008a; Davis et al., 2006; Davis et al., 2003).  Consideration of 
event-mean concentrations of pollutants in the outflow, especially in systems 
operating for longer durations may potentially be misleading, as a result of 
disregarding potential fluctuations in pollutant concentrations at the beginning of an 
event.  Sand filters are often subjected to a phase of stabilization (also known as 
ripening period) after the start of operation, either on installation or after back-
washing or cleaning by scraping the top layer.  Similarly, stabilization of the filter 
layer in stormwater biofilters, may therefore be significant when subjected to wetting 
and drying cycles.  In addition, rainfall events are frequently short in duration, and 
hence the runoff phase may not last long.  Therefore, the length of the flush (initial 
fluctuations in pollutant concentrations in the outflow during stabilization) may 
constitute a significant component of the outflow during the complete wet-phase of 
an event, depending on the period of stabilization.  Consequently, the dynamics of 
fluctuations in pollutant concentrations in the outflow can be significant when 
assessing the performance of stormwater biofilters, even when total mass of 
pollutants is analysed. 
One of the most common parameters monitored when assessing stabilization of 
water treatment sand filters is the concentration of suspended solids in the outflow.  
Unlike water treatment sand filters, filters in stormwater biofilters are comprised of 
engineered sandy loam combined with approximately 3-10% added organic matter 
by weight (Gold Coast City Council, 2003; South East Queensland Healthy 
Waterways, 2010).  Since the filter is largely natural sandy loam, several studies 
have often reported leaching of pollutants, more specifically phosphates, from 
stormwater biofilter filters (Hsieh et al., 2007b).  The organic material in the filter 
layer is therefore, also potentially subjected to leaching, thereby contributing to 
degraded quality of outflow from the system.  
This current study therefore, assessed the significance of stabilization of the filter 
layer in terms of solids, total organic carbon and total nitrogen on overall reduction in 
stormwater biofilters, although Dissolved Organic Carbon and Total Kjeldhal 
Nitrogen were monitored. 
 
2.0 Methodology 
2.1 Laboratory-scale stormwater biofilters 
A Perspex column of 94 mm internal diameter and of length 1.6 m was constructed 
as an experimental bioretention column. The column was packed according to 
standard guidelines as described below (Gold Coast City Council, 2003; South East 
Queensland Healthy Waterways, 2010). Material incorporated in bioretention 
columns (filter zone, transition zone and drain zone) were obtained from an industry 
standard material supplier in Brisbane and the Gold Coast, Australia (Figure 1).  
The experimental bioretention column consisted of the following: 
1. Ponding zone (350 mm): an additional ponding zone of 350 mm above the 
filter layer was left to store stormwater temporarily and also to provide 
sufficient head to allow the infiltration process.  
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2. Filter zone (800 mm): an engineered filter material of particle size less than 1 
mm (D50 – 0.3 mm) containing 8% of organic material. Total phosphorus and 
total nitrogen were less than 0.01%; 
3. Transition zone (50 mm): sand material with particle size ranging from 1mm to 
2 mm, designed to prevent wash off of filter material; 
4. Drain zone (180 mm): gravel material of particle size ranging from 2 mm to 5 
mm, serving as the drainage layer; 
The boundary and wall effects in column studies are negligible if the column 
diameter is more than ten times the diameter of the particles (Rajapakse and 
Fenner, 2011). Diameter of the biggest particle in the filter material in this study is 1 
mm, where the column diameter is 94 mm (94 times). Any boundary and wall effect 
in this column study is therefore, negligible. 
Preliminary stabilization: Columns were fed with tap water for 2 weeks as an 
attempt for initial stabilization and settling of the new filter column. The columns were 
fed twice a week (two events a week), at a feed rate of 100 mL/min, for three hours 
in each event.  Column packing was observed to settle and high wash off of filter 
material was observed during this two week period. Filter media was initially packed 
to a height of approximately 1000 mm so that the bed settled to a height of 800 mm 
at the end of 2 week preliminary stabilization period (Figure 1).  
 
2.2 Experiments 
As for initial stabilization, during experimental runs, the column was fed with tapwater 
at a feeding rate of 100 mL/min for approximately 3 hour over each event and was 
then left to drain. Feed rate was computed based on a 3 month ARI for the Gold 
Coast region that was estimated at 45 mm/h rainfall for 30 minutes and based on the 
assumption, that the area of the stormwater biofilter covered an estimated 3% of the 
catchment area. Level of water in the ponding zone was maintained at or below 350 
mm above the filter layer. Since the column was not re-packed between events, the 
sequence of events were numbered (EN – event number) to represent the age of the 
filter under field-scale operations. The first event after the preliminary stabilization 
was referred to as EN = 1, while the subsequent events were numbered with an 
increment of 1 for each event.  
The experiment was repeated ten times (ten events) for different antecedent dry 
days (ADD – number of days between two rainfall events) that varied from 0 – 40 
day. Column was observed to take approximately 16 hour to complete draining after 
an event and therefore, zero antecedent dry day was considered as an event that 
occurred approximately 24 hour following the previous event. 
Samples were collected from the inflow during each experimental trial. Additionally, 
samples were also collected form the outflow stream at 2, 7, 12, 20, 30, 60, 90, 120, 
150 minutes from the beginning of outflow, represented by min2, min7, min12, 
min20, min30, min60, min90, min120 and min150, respectively for analytical 
purposes. Samples were tested for Turbidity (TU – HACH DR/700 Colorimeter) Total 
Organic Carbon (TOC – Shimadzu Total Organic Carbon Analyzer), Dissolved 
Organic Carbon (DOC – filtered through 0.45 micron filter and tested in Shimadzu 
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TOC analyzer), Total Nitrogen (TN – Shimadzu TOC analyzer with TNM-1 TN 
measuring Unit) and Total Kjeldhal Nitrogen (TKN – subtracting nitrate and nitrite-
nitrogen: Ion Chromatography System DIONEX ICS-2100 and ammonium-nitrogen: 
AQ2 SEAL Discrete Multi-chemistry Analyzer, from TN). Water samples were tested 
for quality based on Standard Methods for Examination of Water and Wastewater 
(APHA, 2005). A blank sample was taken (a sample of 250 mL of de-ionized water) 
during each experimental run, that was tested with the experimental samples 
simultaneously. All samples were preserved under 40C and were tested within 28 
days from the day of sampling. Testing instruments were programmed to conduct 
five tests on each samples and an average of the three test results that were within 
1% variation were considered for analysis.  
  
2.3 Data Analysis Techniques 
Graphical techniques were used initially for identification of data trends and common 
variations in outflow water quality from stormwater biofilters with regards to TOC, 
DOC, TN, TKN and Turbidity (TU) against time, ADD and EN. In order to confirm the 
impact of ADD and EN further statistical tools were employed.  
Three independent factors (EN, ADD and time) could potentially affect individually or 
in combination, pollutant removal in stormwater biofilters. Data were standardized 
therefore, to eliminate a factor and additional statistical analyses were conducted 
using z-scores from IBM SPSS version 21.   
Z-score = (x - μ) / σ   (1) 
where x is the concentration of the object, μ is the median of the distribution and σ is 
the standard deviation of the distribution. In order to eliminate the impact of time on 
variation in the concentrations of pollutants (Cpollutant), the individual pollutant 
concentrations at different times were considered as separate variables and 
standardization was employed on that data matrix (Table 1).   
Table 2 shows the data matrix with standardized pollutant concentrations. Although 
time is given as a variable in Table 2, the impact of time has been eliminated by 
standardization and hence the analysis could address the impact of EN and ADD on 
stabilization of the column. Correlation analysis was employed on the data matrix to 
analyze correlations and hence impact of independent variables on the dependent 
variable (pollutant concentrations) in the first 30 minutes of outflow.  
Correlation analysis is a statistical tool often employed in research studies to identify 
any linear relationships between the variables, and is often carried out in conjunction 
with PCA analysis. Relationships observed in a PCA analysis could be further 
validated if correlations between variables are significant in a subsequent correlation 
analysis.  
Pearson correlation analysis is a specific type of correlation analysis that is used in 
this study. Results of Pearson correlation analysis reveal two entities:  
1. Pearson’s correlation coefficient 
2. Significance of correlation 
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The Pearson’s correlation coefficient measures the strength and direction of the 
linear correlation between two continuous variables. A positive correlation indicates 
that the variable is directly proportional to the other, while negative correlations 
coefficient indicates that the variable is inversely proportional to each other.  
Pearson’s correlation coefficients are accompanied by significance as stated earlier. 
Lower the significance, generally p = 0.05 or less (for 95% confidence), indicates 
higher significance of correlation between the two variables. Therefore, a high 
Pearson’s correlation coefficient with p<0.05 indicates a very strong correlation 
between the two variables that is statistically highly significant (95% confidence). 
However, a high Pearson’s correlation coefficient with p>0.05 indicates a strong 
correlation between the two variables yet, not statistically significant. 
 
3.0 Results  
Graphical analysis was primarily undertaken to understand the general trends in the 
outflow quality variations in terms of Total Organic Carbon (TOC), Dissolved Organic 
Carbon (DOC), Total nitrogen (TN), Total Kjeldhal Nitrogen (TKN) and Turbidity (TU). 
 
3.1 Total Organic Carbon  
Figure 2 illustrates the variation of TOC (a) and DOC (b) concentrations in the 
outflow with time from the beginning of outflow, for all ten events. It is evident from 
the figure that a flush of TOC and DOC occurred at the beginning of all events and 
then declined subsequently to much lower concentrations, comparable with the 
inflow concentrations (approximately 5 mg/L of TOC in tapwater).  It is also apparent 
that the flush of organic carbon occurred for approximately 30 minutes from the start 
of outflow, in each event irrespective of EN (Event Number) or ADD (Antecedent Dry 
Days).  Although the period of flush during an event was constant (30 minutes) 
across all events with different ADD and EN, peak concentrations of TOC and DOC 
during the flush varied significantly between events. Subsequent analyses of the 
concentration of TOC and DOC in the first 30 minutes was therefore, required to 
understand the impact of ADD and EN on the peak concentrations during the flush. 
 
TOC Concentration variation in first 30 minutes with varying ADD and EN 
Figure 3 shows variation of TOC concentrations in outflow at different times (2, 7, 12, 
20 and 30 minutes) during the flush (first 30 minutes) against EN and ADD. While 
the flush during an event is essentially a phase of stabilization as described in the 
previous section, increasing EN (ageing of filter) produced a second phase of 
stabilization. For example, the events that had same ADD (EN-1 and EN-10 wit ADD 
= 7 and EN-2 and EN-6 with ADD = 0; highlighted in Figure 3) it was evident that 
concentration of TOC at a particular time was lower in later events than the earlier 
events and this held true at all times over the flush during the first 30 minutes.  
Results in Figure 3 further illustrate the impact of ADD on outflow concentrations of 
TOC. Considering EN-2, EN-3 and EN-4, a distinctive increase in the TOC 
8 
 
concentrations at a particular time were observed, with increasing ADD (0, 2 and 9, 
respectively – shown in ellipse with dashed line in Figure 3) while, EN-6, EN-7 and 
EN-8 also showed a similar increasing trend in TOC concentrations with increasing 
ADD (0, 21 and 40, respectively). Peaks at EN-3 and EN-4 relating to 9 and 4 day 
ADD however, were comparable with peaks at EN-7 and EN-8, relating in turn, to 21 
and 40 day ADD. This result corresponds with the second phase of stabilization of 
the columns that was evident with increasing EN across events.  
Analysis of the results show that DOC concentration constituted almost 90% of TOC 
in the outflow at all times during an event while it was almost 100% in the inflow. 
Repeatability of test results of TOC on the testing instrument showed a variation of 
approximately 5 – 10%, which implies that a 10% variation observed between TOC 
and DOC was not significant and any occurrence of particulate organic carbon in the 
outflow was essentially negligible. Further statistical analysis to understand the 
impact of ADD and EN on TOC concentrations during the flush was therefore, 
conducted only on TOC which is discussed later.  
3.2 Total Nitrogen (TN) and Total Kjeldhal Nitrogen (TKN) 
Figure 4 shows the concentration of Total nitrogen (TN) and Total Kjeldhal Nitrogen 
(TKN) in outflow over time. This showed a similar pattern as observed for TOC over 
the first 30 minutes for both TN and TKN. The first three events however, settled at 
higher TN and TKN concentrations and thereafter, TKN settled at levels that could 
almost not be detected in the outflow after 30 minutes while TN settled at a lower, 
but still significant concentration. The feed (tapwater) contained 0.6 mg/L of TN while 
almost 95% of this TN was contributed by nitrate-nitrogen and TKN was below the 
detection limit of the analytical instrument. In contrast, TN in the outflow was 
contributed (95%) by TKN in the flush (until 30 minutes) and then settled during the 
first three events. In addition, there was a significant contribution from nitrate-
nitrogen in the settled TN observed in events other than the first three events, with 
TKN levels being below the instrument detection limit (data for nitrate-nitrogen is not 
discussed here). The significant TN concentrations in later events were therefore 
due to the contribution of nitrate-nitrogen rather than TKN in contrast to the first three 
events. As for TOC concentrations, both TN and TKN concentrations varied 
significantly during the flush (first 30 minutes) and therefore, further analysis on TN 
and TKN concentrations during the flush was required.  
 
TN and TKN Concentration variation in first 30 minutes with varying ADD and 
EN 
Figure 5 illustrates the variation in TN and TKN concentrations in the outflow against 
EN and ADD, during the flush that lasted for 30 minutes of outflow. In contrast to the 
TOC pattern, both TN and TKN concentration continued to decrease in the first five 
events despite increasing ADD in EN-2, EN-3 and EN-4. The finding suggested that 
the outflow were largely impacted by EN that shadowed any impact from ADD in the 
first five events. The impact of ADD was still not significant on TN or TKN in the latter 
five events compared with the impact of ADD on TOC in similar events where a clear 
increasing trend was observed with increasing ADD.  This was due to the fact that 
TN and TKN concentrations were much below 1 mg/L where sensitivity of the 
analytical instrument calibration and errors are significant in addition to a significant 
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contribution from nitrate-nitrogen. In order to understand the impact of ADD and EN 
on TN during the flush, further statistical analyses were employed, which is 
discussed later. 
3.3 Turbidity 
Figure 6 shows the variations in Turbidity in the outflow with time. A similar trend was 
observed for Turbidity (TU) with time as that for TOC and TN, and showed a flush 
phenomenon at the beginning of each event in all trials. Another important similarity 
noted between TOC and TU was that they both settled at comparable concentrations 
across all events, indicating that the filter stabilized after approximately the same 
time from the start of outflow (30 minutes). The period of column stabilization (30 
minutes) during an event for all events in terms of TU further suggests that it is 
independent of both ADD and EN as with TOC and TN, yet, further analysis was 
required to understand variations in TU during the flush. 
TU variation in first 30 minutes with varying ADD and EN 
Figure 7 shows the variation observed in TU at each time interval for different EN’s. 
As for TOC and TN, a decreasing trend in TU was observed with increasing EN that 
indicated a second phase of stabilization. Unlike for TOC that was impacted by ADD 
even during the first five events, TU did show a strong impact of EN that over-
shadowed any impact from ADD as for TN during the first five events. However, 
impact of ADD was very evident in the next five events (peaks occurring at event 7 
and 8 were related to higher ADD).  
3.4 Statistical Analysis 
The concentration of pollutants in the outflow was analyzed statistically for the period 
of flush identified in the previous section (30 minutes) and the analysis was 
conducted on the Z-scores for TN, TU and TOC (ZTN, ZTU and ZTOC, respectively) 
to determine the impact of EN and ADD on stabilization of the columns. 
Statistical tool correlation analysis was employed to investigate the Z-scores 
obtained from the standardization of pollutant concentrations from all ten events, the 
results of which are presented in Table 3. Results of the correlation analysis show a 
strong and significant correlation between TN-EN, TU-EN and TOC-EN. Insignificant 
correlation between TN-ADD, TU-ADD and TOC-ADD indicated that the impact of 
ADD on TN, TU and TOC concentrations in the outflow was insignificant. In other 
words, the length of ADD did not affect the concentration of TN, TU and TOC in the 
outflow during stabilization of biofilter. It was shown earlier however, that there 
existed a second phase of stabilization with ageing of the biofilter. In order to 
investigate impact of ADD on stabilization of aged biofilters, the last five events were 
chosen (of the ten events in this study) for analysis.   
The last five events were analyzed separately to investigate the impact of individual 
factors on pollutant concentrations (Tables 4 and 5). A significant change was 
observed between the last five events and the analysis of all ten events (Tables 3 
and 4). For example, in contrast to results in the previous analysis where EN was 
primarily correlated with concentration of all three pollutants (TN, TU and TOC), in 
the last five events, impact of EN was not significant while the impact of ADD was 
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more pronounced on the same. EN however, also had a significant impact on TN 
during the last five events as well.  
 
4.0 Discussion 
Phases of Stabilization 
Results show that flush of pollutant in stormwater biofilters are subjected to two 
stabilization phases in relation to Total Organic Carbon (TOC), Total Nitrogen (TN) 
and Turbidity (TU):  
1. A phase of stabilization that exists for approximately 30 minutes from the 
beginning of outflow (depending on number of ADD in each event); 
2. A second phase of stabilization that occurs with the age of filter – stabilization 
of peak concentrations reached during the first phase of stabilization as EN 
increases. 
In biofilters that are fed continuously, only a single phase of stabilization will be 
observed that will only last for the first few minutes of outflow, as observed during the 
first phase of stabilization (30 minutes). The operation of continuously fed systems 
beyond the flush will be similar to that of columns after the first 30 minutes of outflow, 
provided that the filter did not undergo any biological transformation such as that 
resulting from growth of microorganisms that eventually could enhance removal of 
pollutants. This in turn would produce higher removal efficiencies compared with a 
similar system under intermittent wetting and drying that have a short wet-phase. 
Removal of pollutants after the flush was beyond the scope of the current study. 
Owing to the significant impact on pollutant removal in stormwater biofilters, 
performance analysis should therefore be analyzed under intermittent feed that is a 
unique property of the system. 
Fluctuations in the concentration of total suspended solids (TSS) in the outflow 
during an event was also observed by  Davis (2007) when he monitored field-scale 
stormwater biofilters.  It was not clear however, if the fluctuations were due to a 
phase of stabilization in the filter or the impact of fluctuating TSS concentration in the 
inflow. While leaching of phosphates from the filter material was observed in several 
studies, here we observed no significant levels of phosphates in the outflow (the feed 
also had very low levels of phosphates). In contrast, leaching of organic carbon has 
seldom been examined previously in similar studies, but we found here a very 
significant washoff of organic carbon from the filter layer, that contained 8 % organic 
matter by weight. Adding organic matter to enhance removal of nitrate-nitrogen in 
stormwater biofilters is a common practice, and therefore, leaching of organic carbon 
from stormwater biofilters should be considered as a significant parameter to monitor 
when assessing outflow quality. Furthermore, both TOC and TN contributed to both 
phases stabilization in the current study and therefore in order to understand the 
dynamics behind the stabilization phases, it will be important to understand the 
dynamics of organic matter under intermittent wetting and drying.  
The fate of organic carbon and nitrogen in soils that have fluctuating moisture 
content has been studied in relation to growth of microbial communities assessed by 
estimating soil respiration rate (Birch, 1958; Fransluebbers et al., 1994; Kieft et al., 
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1987; Pesaro et al., 2004; Rudaz et al., 1991; Van Gestel et al., 1993). These 
studies have focused however, more on the dynamics of microbial communities 
under transformation of moisture related stress on microbial functionality after 
wetting rather than their dynamics during the drying phase. The studies have 
reported higher microbial growth rate that lasts upto approximately 10 day in 
systems that undergo wetting after a dry period, compared with systems that were in 
a continuous wet-phase (Bloem et al., 1992; De Nobili et al., 2006; Firer and 
Schimel, 2002, 2003; Franzluebbers, 2000; Pesaro et al., 2004; Saetre and Stark, 
2005). It is not clear however, what is the period of the lapse between the initiation of 
wetting and the reactivation of microorganisms following a period of starvation 
depending on the length of dry days. Three hypotheses have been proposed to 
address this observation based on increased availability of substrate to microbes: 
1. Microbial communities develop intracellular enzymes due to moisture related 
stress (osmotic stress) that are immediately released to the environment 
when moisture  is increased (Firer and Schimel, 2002; Halverson, 2000; Van 
Gestel et al., 1993); 
2. Groups of microorganisms that cannot withstand the dry period, die while 
others simply become dormant. Dead cells become substrate for dormant 
microorganisms upon wetting (Halverson, 2000; Van Gestel et al., 1993); 
3. Soil interlocks organic carbon in interstices in the aggregates. These 
aggregates collapse and release the organic carbon within them that are then 
consumed by dormant microorganisms upon the progression of the wetting 
front (Adu and Oades, 1978; Lundquist et al., 1999). 
The first two scenarios would provide a steady level of fluctuation with subsequent 
wetting and drying while the third scenario would at one point cease to provide new 
substrate, as the organic carbon stored in the aggregates was eventually used up. 
Therefore, the peak concentration during the flush would be constant in the first two 
scenarios while it should start to decrease after a few events of wetting and drying, in 
the third scenario. A decrease in mineralization of organic carbon and organic 
nitrogen have also been observed in several studies  (Denef et al., 2001a; Denef et 
al., 2001b; Fransluebbers et al., 1994; Magid et al., 1999; Mikha et al., 2005; West et 
al., 1992). The authors argued that this could be due either to a decrease in activity 
of microorganisms or due to substrate limitation due to reduced slacking in soil 
aggregates that occlude organic carbon in aggregate interstices.  
Flushing of TOC and TN even after ten events in this study could result from impact 
of any, or all three hypotheses mentioned above. The important issue however, is 
that organic carbon analyzed in the above studies was in dissolved form, and so, is 
readily available for consumption by microorganisms, while filter material in the 
current study was comprised of organic matter that need to be transformed into labile 
organic forms with the assistance of extra-cellular enzymes to become available for 
consumption by microorganisms (Jarvis et al., 2007). The dynamics of this 
transformation under intermittent wetting and drying has seldom been addressed 
previously in the literature. A phenomenon known as the Birch Effect, however 
suggests that this transformation is more active in systems that experience wetting 
and drying than in continuously wetted systems (Birch et al., 2005; Jarvis et al., 
2007).  
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Results show mostly negligible presence of particulate organic carbon in the outflow, 
more specifically during stabilization. Therefore, particulate organic matter in the filter 
layer is transformed into labile dissolved organic carbon prior to washoff, in contrast 
to simple washoff of particulate organic matter from the filter layer. The dynamics of 
conversion of particulate organic matter into labile organic carbon and nitrogen is 
therefore crucial for determining the dynamics of stabilization of stormwater biofilters.  
Retention of water in the filter between rainfall events 
Earlier studies suggest that a significant fraction of the inflow of an event is retained 
in the system by the end of the event (Davis, 2007).  The outflow of the subsequent 
event therefore, will comprise water that was retained in the system from the 
previous event, unless all water that was retained in the system is held in the 
permanent film surrounding soil particles and this is highly unlikely. Previous studies 
have considered that an outflow of constant volume (the initial outflow) is water that 
had been retained from the previous rainfall event (Blecken et al., 2009a; Bratieres 
et al., 2008b).  
Flushing of retained water from a previous event, may occur either as a plug flow or 
as a mixed flow of both old (retained) and new (current feed) water. This 
phenomenon would then be reflected in the concentration of pollutants in the outflow 
stream with time, as a change in trend in the concentrations of pollutant, depending 
on individual transformation or removal processes relevant to each pollutant. For 
example, Figure 8 illustrates a change of trend that could be expected in the 
concentration of a particular pollutant, if the pollutant undergoes removal during the 
wetting and drying phase. Observations in the current study however, suggest that 
this phenomenon does not occur.  
Furthermore, different pollutants are removed or transformed as a result of different 
processes. For example, TOC and TN are removed or transformed with the 
assistance of different species of microorganisms, such that their population 
dynamics of growth and substrate consumption are distinctively different. The study 
showed however, that period of stabilization for both pollutants were almost the 
same (30 minutes). Taken together, this implies that a common process determines 
stabilization in stormwater biofilters, irrespective of any specific processes that 
remove or transform individual pollutants.  
Concept of mixing of retained and new water in the outflow 
It is shown that during drying days between events, particulate organic matter is 
transformed into dissolved TOC and TN, thereby increasing TOC and TN levels in 
the retained water.  During the subsequent rainfall event, the new feed with lower 
concentrations of TOC and TN mixes with retained water that is high in TOC and TN 
concentrations, to constitute the outflow. The proportion of mixing old : new water in 
the outflow gradually decreases with time, and eventually after 30 minutes the 
outflow will largely be composed of the current feed. Observing the trend of TOC and 
TN concentrations in the outflow of the current study affirms this hypothesis.  
Washoff of Suspended Solids 
In contrast, suspended solids do not undergo a process of transformation where new 
particles are formed during the drying phase of an event. Flush of suspended solids 
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(accounting for TU) therefore, cannot be attributed to the concept of mixing 
discussed earlier for TOC and TN. Following a dry period, new feed from a rainfall 
event will trigger a progressing wetting front, that will disturb and hence re-suspend 
fines in percolating water that ultimately will end up in the outflow. In addition, as 
discussed earlier, due to the sudden increase in osmotic pressure at the wetting 
front, aggregates will break to release fines that will also end up in the outflow. The 
wetting front will therefore transport more suspended solids compared with the 
percolating water that follows once the column would have settled. These 
observations add weight to the earlier concept of mixing, where the initial outflow is 
considered to be a mixture of both retained and current feed, rather than a simple 
plug flow of retained water.  
Mineralization of organic matter plays a crucial role in removal of other pollutants 
during the dry phase of an event, that specifically will depend on microbial 
communities, where labile organic carbon is required for their growth. More 
specifically, presence of labile organic carbon is crucial to the process of 
denitrification, where organic carbon provides both a carbon source for growth of 
denitrifiers as well as an electron donor for the process of denitrification. The 
sustenance of mineralization of particulate organic matter over extended life of filter, 
serves a crucial purpose in long term efficient denitrification (prolonged 
mineralization extends the supply of organic carbon, that is required for efficient 
denitrification process). In contrast, extensive amounts of TOC washoff during 
stabilization that extends to a long period degrades the quality of outflow with the 
presence of organic carbon. Control measures to reduce flush of TOC therefore 
need to be considered with focus on the dry-phase of an event, rather than wet-
phase.  
 
5.0 Conclusion 
Flushing is a result of a variety of processes that occur during the dry-phase and 
during the progression of wetting front, rather than processes that occur during the 
wet-phase alone of an event. The flush stabilizes in two phases where the first phase 
occurs for approximately 30 minutes in each rainfall event while the second phase 
occurs across events with the age of the filter. Significant amount of water that is 
retained in the bioretention system at the end of the wet-phase of an event is 
affected primarily by processes that occur during the dry-phase. Retained water 
constitutes a significant fraction of the outflow for the first 30 minutes of the 
subsequent event by mixing with new feed from the latter event. Dynamics of the 
mixing proportions of retained water vs new feed account for variations in pollutant 
concentrations in first 30 minutes of outflow. Flush of pollutants at the beginning of 
each event is significant even after ten events and therefore, it needs to be 
considered in performance analysis of stormwater biofilters. While organic matter is 
intended to enhance denitrification, washoff of organic matter should be controlled to 
improve the overall quality of outflow. New designs with modified filter media, more 
specifically regarding organic matter could enhance performance in stormwater 
biofilters. Natural rainfall events being intermittent in nature, performance of 
stormwater biofilter systems should be conducted under intermittent wetting and 
drying, owing to the significant impact of them on the analysis of overall performance 
of the system. In addition, further analysis of stabilisation of stormwater biofilters 
14 
 
under varied rainfall intensities are also important in analysing performance of 
stormwater biofilters.  
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Figure 1: schematic diagram of bioretention column and a figure of the column zones 
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Figure 2: Concentration of (a) TOC and (b) DOC in the outflow with time 
 
Figure 3: Concentration of TOC with Event Number and ADD 
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Figure 4: Concentration of (a) TN and (b) TKN in the outflow with time 
 
 
 
 
 
 
 
 
 
0.00
0.50
1.00
1.50
2.00
C
on
ce
nt
ra
tio
n 
(p
pm
)
EN 1 - ADD 7 EN 2 - ADD 0
EN 3 - ADD 2 EN 4 - ADD 9
EN 5 - ADD 4 EN 6 - ADD 0
EN 7 - ADD 21 EN 8 - ADD 40
EN 9 - ADD 12 EN 10 - ADD 7
0.00
0.50
1.00
1.50
2.00
0 30 60 90 120 150
C
on
ce
nt
ra
tio
n 
(p
pm
)
Time (min)
(a) 
(b) 
21 
 
 
 
Figure 5: Concentration of (a) TN and (b) TKN with Event Number and ADD 
 
 
 
 
  
 
Figure 6: Turbidity (TU) in the outflow with time 
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Figure 7: Turbidity (TU) in the outflow with EN and ADD 
 
 
 
 
 
 
 
Figure 8: Change of trend expected during a plug flow type of flush of retained water 
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Table 1: Distribution of concentrations of pollutants considered for standardization (x, y, α, β, 
γ, δ and ε are indicative parameters) 
Standardization 
EN ADD  Cpollutant 
   min2 min7 min12 min20 min30 
x1 y1  α1 β1 γ1 δ1 ε1 
x2 y2  α2 β2 γ2 δ2 ε2 
x3 y3  α3 β3 γ3 δ3 ε3 
x4 y4  α4 β4 γ4 δ4 ε4 
 
Table 2: Data matrix considered for correlation analysis (with independent variables EN and 
ADD, and dependent variable of standardized pollutant concentrations: ZCpollutant).  
EN  ADD (day)  Time (min)  ZCpollutant 
x1 y1 2 Zα1
x1 y1 7 Zβ1
x1 y1 12 Zγ1
x1 y1 20 Zδ1
x1 y1 30 Zε1
x2 y2 2 Zα2
x2 y2 7 Zβ2
x2 y2 12 Zγ2
x2 y2 20 Zδ2
x2 y2 30 Zε2
 
Table 3: Correlation coefficients for z-score of concentration of TN, TU and TOC (ZTN, ZTU and 
ZTOC, respectively) against EN, ADD and Time  
 ZTN ZTU ZTOC 
Correlation 
EN -.676 -.752 -.522 
ADD -.098 -.131 .274 
time -.019 -.060 -.085 
Significance 
(1-tailed) 
EN .000 .000 .000 
ADD .249 .181 .027 
time .448 .339 .279 
 
Table 4: Correlation coefficients for z-score of concentration of TN, TU and TOC (ZTN, ZTU and 
ZTOC, respectively) against EN, ADD and Time for the last five events  
 ZTN ZTU ZTOC 
Correlation 
EN .528 -.113 -.059 
ADD .601 .805 .828 
time -.143 -.237 -.254 
Significance 
(1-tailed) 
EN .003 .296 .390 
ADD .001 .000 .000 
time .248 .127 .110 
 
